We investigated modulations of lipid dynamics and lipid-protein interactions of rat brain synaptosomal plasma membrane (SPM) as one of the possible mechanisms by which the local anesthetic bupivacaine (BPV) has an adverse effect on nerve cell function, with SPMbound enzyme activity used as a functional probe. The kinetics of BPV impact on the activity of the endoenzymes Ca2+ / Mg2+-stimulated ATPase and Nat /K+-stimulated ATPase and the active concentrations of the drug were relevant to those that produce biphasic systemic toxicity. Arrhenius plots of these enzymes showed a transition temperature of 26.6 + 1.8"C and 24.5 5 1.2"C (mean ? SD), respectively, in control SPM, which shifted to 17.1 t 0.95"C (P < 0.01) and 18.2 t 0.85"C (P < 0.05) in SPM treated with 10F5 M
We investigated modulations of lipid dynamics and lipid-protein interactions of rat brain synaptosomal plasma membrane (SPM) as one of the possible mechanisms by which the local anesthetic bupivacaine (BPV) has an adverse effect on nerve cell function, with SPMbound enzyme activity used as a functional probe. The kinetics of BPV impact on the activity of the endoenzymes Ca2+ / Mg2+-stimulated ATPase and Nat /K+-stimulated ATPase and the active concentrations of the drug were relevant to those that produce biphasic systemic toxicity. Arrhenius plots of these enzymes showed a transition temperature of 26.6 + 1.8"C and 24.5 5 1.2"C (mean ? SD), respectively, in control SPM, which shifted to 17.1 t 0.95"C (P < 0.01) and 18.2 t 0.85"C (P < 0.05) in SPM treated with 10F5 M BPV. The Hill coefficients for the allosteric inhibition of Ca'+/ Mg2+ -stimulated ATPase by Na+ and Na+/ C linically useful local anesthetics have an aromatic ring joined by an ester or aromatic link to a tertiary amine grouping and belong, respectively, to the chemical distinct amino ester and amino amide groups (1). Although the amide-type local anesthetic bupivacaine (BPV) is used in primary clinical practice, because of its ability to block peripheral nerve conduction, various types of systemic toxic reactions unfortunately often interfere with the full anesthetic potential of the drug, 1.6 mg/mL of plasma (approximately 5 x lop6 M) being the threshold of BPV toxicity (2). Although the most clinically serious effects regard the cardiovascular system, with ventricular fibrillation seeming to constitute a major cause of death in which BPV is implicated (3), under some Kf-stimulated ATPase by fluoride decreased from 1.73 t 0.20 and 1.95 ? 0.25, respectively, in controls to 0.92 2 0.09 (P < 0.001) and 1.09 t 0.11 (P < 0.001) in the presence of lop5 M BPV. The fluidity perturbation in the microenvironment of the ectoenzyme acetylcholinesterase was observed only at 5 X10F3 M BPV, as confirmed by the disparity in transition temperature between the controls (22.3 ? 1.2"C) and the BPV-treated SPM (17.5 2 0.8"C, P < 0.01) and that in the Hill coefficient in the two groups: 2.15 2 0.24 and 0.97 ? 0.12 (P < O.OOl), respectively. Implications:
We propose that under physiological conditions, the neutral and protonated forms of local anesthetics can affect nerve cell function through the asymmetric perturbation of the membrane lipid structure, accompanied by synaptosoma1 plasma membrane-bound enzyme dysfunction. (Anesth Analg 1997; 85:133743) clinical (4) and experimental (5) conditions, BPV produces symptoms of central nervous system (CNS) toxicity similar to those produced by virtually all local anesthetics. Viewed as a continuum of progressively increasing toxicity, the CNS effects suggest a biphasic action of the drugs, initially stimulating and terminally depressing (6).
Because it is a tertiary amine, BPV exists in rapid equilibrium between the neutral and protonated forms under physiological conditions. Both interact with the nerve membrane lipid bilayer. The neutral form iS preferentially incorporated into the hydrophobic membrane interior, whereas the protonated form adsorbs at the negatively charged membrane surface through hydrophobic and electrostatic interactions (1). Although the strong correlation between tertiary amine local anesthetic potency and lipid solubility suggests that the site of the action is the nerve membrane (1,7-9), the importance of this interaction on nerve cell function has not been clearly established. In our previous studies, we reported the modulation of Anesth Analg 1997; 85:133743 1337 nerve cell function by some amphiphilic biologically active molecules and drugs via effects on membrane fluidity (10,ll). Thus, possible modulation of brain synaptosomal plasma membrane (SPM) fluidity with consequent effects on the expression of membranebound enzymes may be one of the mechanisms of the adverse action of BPV on nerve cell membrane.
The present study was undertaken to explore the effect of BPV on membrane lipid structure and lipidprotein interaction in rat brain SPM, using as sensitive functional probes the activities of Ca*+ /Mg*+-stimulated ATPase, Na+ / K+-stimulated ATPase, and acetylcholinesterase (AChE) (10-12).
Methods
Male Wistar rats weighing 150-200 g were used in all experiments.
The study protocol was approved by our institution's animal investigation committee. SPM from rat brain were prepared from Ficoll-purified and osmotically soaked synaptosomes by ascending fractionation through a discontinuous sucrose density gradient (10). The purity of the isolated membranes (fraction at the interphase between 32% and 28.5% w/ w sucrose) was estimated by measuring the marker enzymes. Na+ / K+-stimulated ATPase and 5'-nucleotidase were measured as described below as markers for SPM. Glucose 6-phosphatase was assayed as described by Masters et al. (13) as a marker for endoplasmic reticulum, and succinate dehydrogenase was assayed as described by Houslay and Tipton (14) as a mitochondrial marker. Protein concentration was measured by Lowry's method as described by Miller (15), using bovine serum albumin as a standard.
BPV was obtained from Sigma, Dorset, UK. SPM were treated with different concentrations of BPV (lop6 to 5 X 10P3 M) for 15 min at 37°C under continuous magnetic stirring in an incubation mixture of 0.25 M sucrose, 50 mM Tris-HCl, pH 7.4, containing 2.5 mg protein in a final volume of 5 mL.
Ca2+ / Mg*+ -stimulated and Mg*+-stimulated ATPase activity was assayed as previously described (11). The incubation medium contained 50 mM Tris-HCI, pH 7.4,2 mM MgCl, 100 mM KCl, 100 PM ethyleneglycoltetraacetic acid, 1 mM ouabain, 2 mM dipotassium ATP, and 0.1 mg of SPM protein with (for total ATPase activity) or without (for basal Mg*+-stimulated ATPase activity) the addition of 100 PM CaCl, in a final volume of 1.0 mL. Incubations were carried out at 37°C for 45 min and stopped with 0.2 mL of 50% trichloroacetic acid. The liberation of inorganic phosphate (Pi) was measured by using the method of Fiske and Subbarow (16) . Ca*+ / Mg'+-stimulated ATPase activity was defined as the difference between the Pi liberation during incubation in the presence and absence of calcium.
The Nat /K+-stimulated ATPase activity of SPM was assayed in an incubation medium consisting of 50 mM Tris-HCl, pH 7.4, 5 mM MgCl,, 3 mM disodium ATP, 80 mM NaCl, 20 mM KCI, and 0.1 mg of SPM protein in a final volume of 1 mL. Incubations were performed for 30 min at 37°C. The reaction was started by the addition of ATP and stopped with 0.2 mL of 50% trichloroacetic acid (10). The liberated I', was measured by using the method of Fiske and Subbarow (16) . Naf / K+-stimulated ATPase activity was defined as the difference between the Pi liberated during incubation in the presence and absence of 1 mM ouabain. The ouabain-inhibitable component of ATPase activity is the activity that is lost when Nat or Kt is omitted from the reaction mixture.
5'-nucleotidase activity was assayed by using the method of Bodansky and Schwartz (17) in an incubation medium containing 50 mM Tris-HCl, pH 7.4, 5 mM MgCl,, 10 mM AMP, and 0.25 mg SPM protein in a final volume of 1.0 mL. Incubations were performed at 37°C for 30 min and stopped with 0.2 mL 50% trichloroacetic acid. The liberated Pi was measured by using the method of Fiske and Subbarow (16). AChE activity was determined by measuring the hydrolysis of acetylthiocholine iodine by using the method of Ellman et al. (18) . The assay mixture (3 mL) contained 0.5 mM acetylthiocholine iodine, 0.125 mM 5,5'-dithio nitrobenzoic acid, 100 mM NaCl, 0.25 M sucrose, and 50 mM Tris-HCl, pH 7.4. Protein concentration was 0.06 mg per 3 mL of incubation mixture. The reaction was followed spectrophotometrically by measuring the increase in A,,,.
Membrane fluidity is a convenient, if rather imprecise, term embracing all the changes in the motional properties of membrane lipids that occur in the bilayer when either the temperature is altered or the agents that increase order or disorder are added. The temperature dependence of membrane-bound enzymes detected by using Arrhenius plot analysis (i.e., a plot of the logarithm of the experimental reaction rate against the reciprocal of the absolute temperature) is a useful indicator of changes in the fluidity of the lipid microenvironment of enzymes caused by biologically active molecules and drugs. For most soluble enzymes, such plots are represented by straight lines, and those for membrane-bound enzymes show one or more breaks in the line. Such breaks closely correlate with the lipid phase separation temperature and have been attributed to an abrupt change in the fluidity of the lipid microenvironment of the integral proteins when the temperature is progressively lowered. The depression of the temperature at the break point indicates an increase in membrane fluidity and vise versa (10, 11, 19, 20) . Arrhenius plots of Ca2+ / Mg +-stimulated ATPase, Na + / K+-stimulated ATPase, and AChE activity at temperatures of 4-42°C were analyzed with use of a least-squares minimalization process to determine the break points. At every temperature, initial reaction rates were determined under maximal velocity conditions and constant pH to preclude artifactual breaks in the slope (10,ll). The Arrhenius activation energy (E,) was determined according to the equation 2.3 log,&' /K" = E, / R(l / T"-l / T') where K' and K" are experimental reaction rates at two different temperatures (T' and T"), R is the gas constant, and T is the absolute temperature.
Likewise, the use of Hill plot analysis to evaluate changes in the cooperative behavior of some membranebound enzymes has been suggested as a useful tool determining changes in membrane fluidity (21). The allosteric inhibition of Ca" /Mgz+-stimulated ATPase by Na+ and Naf /Kf-stimulated ATPase and of AChE by fluoride (F-) were measured under initial velocity conditions when the reaction mixtures contained increasing amounts of NaCl and NaF, respectively.
The relative rates of the enzymes' activity were plotted against different concentrations of inhibitors and the Hill coefficients were determined graphically using the Hill plots, i.e., the plots of the ln (v/ [V, -v]) against ln (I), where v is the reaction velocity, V, is the rate of the reaction in the absence of the inhibitor, and I is the inhibitor concentration. These plots are represented by straight lines and the Hill coefficients, which combine the number of interacting sites and the strength of interaction, were calculated from the slope of the line. For cooperative enzymes, the Hill coefficients have a value different from 1.0 and increase with the increase of cooperativity (10, 11, 21) .
All determinations were performed in duplicate on at least three different membrane preparations. The mean value 2 SD were calculated. The statistical analysis of results was performed by using one-way analysis of variance and an unpaired Student's t-test. Significance was set at P < 0.05.
Results
The relative specific activities (the ratio of SPM specific activity to homogenate specific activity) of Naf / K+-stimulated ATPase and 5'-nucleotidase in the SPM preparations were 15.49 + 2.36 and 12.57 -C-2.12, respectively.
On the other hand, the relative specific activities of glucose 6-phosphatase and succinate dehydrogenase in the SPM were low (0.61 If: 0.12 and \ 0.36 t 0.06, respectively), which indicates the absence of microsomal or mitochondrial contamination. The curve representing the changes in Ca*+ /Mg*+-stimulated ATPase activity at different concentrations of BPV had a biphasic character ( Figure 1A ). Up to the concentration of lop5 M, a significant increase in the specific activity of the enzyme was induced, with a maximal effect of approximately 200% greater than its control value (untreated SPM). A further increase in BPV concentration, however, led to a progressive inhibition of enzyme activity with respect to the control value.
Changes in SPM-bound Na+ / K+-stimulated ATPase activity at different concentrations of BPV are illustrated in Figure 1B . A significant increase in enzyme activity (approximately 50%) with the respect to control value was found at 10e6 to 10e4 M BPV. Higher concentrations of the drug led to a progressive inhibition of enzyme activity.
Repeated (three times) washing of lop5 and 5 X 10e3 M BPV-treated SPM with 20 mL of ice-cold 5 mM Tris-HCl buffer, pH 7.4, by means of centrifugation at 4°C for 45 min at 100,OOOg was found to readily remove the anesthetic and restore the Ca2+ /M$+-stimulated ATPase and Naf / Kf-stimulated ATPase activity by approximately 90%. These results suggest that BPV exerts its action through reversible association with the lipid matrix of the membrane bilayer rather than directly and irreversibly on the protein molecules (10).
M$+-stimulated ATPase and 5'-nucleotidase activity did not change at concentrations of BPV up to 10m4 M. However, higher concentrations of the drug produced a concentration-dependent decrease of the enzymes' activity until the near total inhibition of the enzymes at a concentration of 5 X 10m3 M (Figure 2, A  and B) . In contrast, a progressive decrease in AChE activity up to approximately 40% was observed after treatment of SPM with increasing concentrations of BPV ( Figure 2C) .
The temperature dependence of SPM-bound Ca*+ / Mg*+-stimulated ATPase and Naf / Kf-stimulated ATPase activity in untreated and BPV-treated (10h5 M) SPM is shown in Figure 3 (A and B) . Arrhenius plots of Ca2+ / Mg2+ -stimulated ATPase and Na+ /K+-stimulated ATPase in untreated SPM showed a transition temperature at 26.6 f. 1.8"C and 24.5 t 1.2"C, respectively. The decrease in the transition temperature to 17.1 t 0.95"C and to 18.2 t 0.85"C for Ca2+/ M$+ -stimulated ATPase and Na+ / K+-stimulated ATPase, respectively, in the presence of BPV was consistent with modulation in the physical state of the membrane lipids by BPV (10, 11, 19, 20) . Likewise, the Arrhenius activation ener ies above and below the f+ break point for Ca2+ /Mg -stimulated ATPase and Na+ / K+-stimulated ATPase from BPV-treated SPM changed compared with control membranes (Table 1) .
Because variations of the Hill coefficient of cooperative membrane-bound enzymes depend on their relationship to lipids and on the fluidity of the latter (10,11,21), the allosteric inhibition of Ca2+/Mg2+-stimulated ATPase activity by Na+ and Na+ /K+-stimulated ATPase activity by F-in untreated and 10e5 M BPV-treated SPM were studied. Figure 4 (A and B) shows the curves obtained when the relative rates of the enzymes' activity were plotted against different concentrations of Naf and F-. The Hill coefficients in the controls were 1.73 +-0.20 for Ca2+/ Mg2+-stimulated ATPase and 1.95 t 0.25 for Nat/ Kf-stimulated ATEase, which indicates cooperativity. These were decreased to 0.92 t 0.09 (P < 0.001) for Ca2+ / Mg2+-stimulated ATPase and to 1.09 & 0.11 (P < 0.001) for Na+ /K+-stimulated ATPase in SPM treated with 10e5 M BPV, which suggests a loss of the enzymes' cooperativity.
Arrhenius plots of AChE exhibited a transition temperature at 22.3 + 1.2"C ( Figure 5A ). In contrast to Ca2+ /Mg2+-stimulated ATPase and to Naf / Kfstimulated ATPase, treatment of SPM with 10e5 M BPV had no statistically significant effect on the transition temperature and the Arrhenius activation energies of the enzyme (Table 1) . The significantly higher concentrations of BPV (5 X 1O-3 M), however, produced a decrease in the transition temperature to 17.5 + OPC, with the concomitant changes of the Arrhenius activation energies above and below the break point. The allosteric inhibition of AChE by F-in control SPM resulted in a Hill coefficient of 2.15 2 0.24, which indicates the presence of cooperativity ( Figure 5B ). There was no statistically significant difference (P > 0.05) in the Hill coefficient of the-enzyme in SPM treated with lop5 M BPV (1.85 t 0.20) compared with control SPM, and only much higher concentrations of BPV (5 X lop3 M) could produce a significant (P < 0.001) decrease of enzyme cooperativity (0.97 + 0.12).
Discussion
The effect of BPV on the activity of the endoenzymes Ca2+ / M$+-stimulated ATPase and Naf / Kfstimulated ATPase at normal pH was dose-dependent and biphasic: low concentrations of the drug (lop6 to lop5 M) activated the enzymes; higher concentrations (up to 5 X 10M3 M), however, caused a progressive and nearly total inhibition of the enzymes, an effect similar to those produced by analogous concentrations of dibucaine, tetracaine, lidocaine, and procaine on the total Ca2+ /Mg2+-ATPase activity and on the ATPdependent Ca2' uptake in SPM described by GarciaMartin et al. (7,8) . Furthermore, these authors showed that at slightly higher concentrations than those that produce the above-mentioned inhibition, these drugs stimulate the Ca*+ outflow via the Na+ /Ca*' exchange, which, however, cannot fully compensate for the inhibition of the Ca*+ pump and, thus, for the increase in free Ca" within the nerve terminal (8). Therefore, it is reasonable to suspect that the perturbation of membrane fluidity by the increasing concentrations of local anesthetic drugs,may produce biphasic effects analogous to those found in this study but also on other particularly susceptible integral proteins of the nerve cell membrane, which are important in nerve cell function. Because the binding of BPV to plasma a,-acid glycoprotein and, in lesser quantity, to albumin is rapidly reversible and does not limit its uptake by the brain tissue (22, 23) , it may tentatively be assumed that the concentrations of BPV that produced the initial activation and terminal inhibition of the enzymes in this study were approximately of the same order as those that produce the excitatory and inhibitory effects on the CNS (2,6). It is interesting to consider the possibility that the biphasic functional changes in SPM-bound enzymes caused by increasing concentrations of BPV may be related to the abovementioned intricate effects of BPV on the CNS, effects that may also include diverse actions of the drug both quantitatively and qualitatively on various brain structures and/ or an uneven distribution within the brain (6).
Thus, it could be assumed that because the Cazf / Mg2+ -stimulated ATPase activity and Cazt efflux in exchange for Nat ions extruded by Na+ /K+-stimulated ATPase are important pathways for Ca2+ extrusion from the neural cytosol, the activation of these enzymes by BPV lowers the resting cytosolic Ca2+ levels, leading to a decrease in synaptic efficiency and in control of excitability. The seemingly paradoxical conclusion that the excitatory effect of the drug can be achieved via a decrease in cytosolic free Ca2+ levels can be based on the finding that the excitatory action of local anesthetics results from the suppression of normal cortical inhibitory activity through a possibly selective blockade of the inhibitory synapses, allowing facilitatory neurons to function unopposed (24). Moreover, it has been shown that the autonomic nervous system participates in BPV circulatory toxicity through an increase in the autonomic outflow, resulting from a selective blockade of the inhibitory y-aminobutyric acid neurons (25). The molecular basis of the heightened sensitivity of inhibitory synapses to local anesthetics may be a greater intracellular calcium requirement for the release of amino acid transmitters than exists for other transmitters, such as peptides and catecholamines (26).
The depression in nervous tissue activity caused by higher concentrations of BPV may be due to the widespread suppression of both endo-and ectoenzymes of the nerve membrane, together with the functional disturbance of other membrane-bound proteins, such as ion channels and receptors.
With the use of spin and fluorescent probe studies, it was found that at normal pH, the detectable changes in membrane fluidity and phase transition temperature were produced by tertiary amine local anesthetics at concentrations lo-100 times higher than toxic concentrations (9). Thus, because the physical state of membrane lipids is critically involved in the activity and conformational flexibility of SPM-bound enzymes (lo-12,19-21) , evidence of the effect of BPV on the physical properties of SPM was obtained from BPVinduced changes in temperature dependence and the allosteric properties of membrane-bound enzymes. The depression of the temperature of the break point by approximately 10°C for Ca2+ / Mg*+-stimulated ATPase and by approximately 6°C for Naf / Kfstimulated ATPase and the changes in the Arrhenius activation energy above and below the break points in the SPM treated with 10m5 M BPV suggests that the activation of the enzymes by 10e5 M BPV was the result of an increase in their conformational flexibility resulting from a lessening in the physical constraint imposed by the more fluid lipid bilayer on the protein molecules. On the other hand, the decrease in the enzymes' activity at higher concentrations of the drug (up to 5 X lo-M) could be explained by the anesthetic's displacement of annular lipids (lo), as was also deduced by Garcia-Martin and Gutierrez-Merino (7) from the kinetic studies carried out on the SPMbound Ca2+ / Mg*+ -ATPase at inhibitory concentrations of some local anesthetic agents. It is reasonable to suspect that both neutral and protonated forms of BPV affect the enzymes' activity by changes in lipid physical properties to neutral forms by modifying the fluidity of the phospholipids' fatty acyl chains and charged forms by the modification of the motional state of the polar head groups on the membrane surface (19, 20) .
Further evidence for fluidity changes in the lipid microenvironment of SPM-bound enzymes produced by BPV was based on changes in the cooperative behavior of Ca2+ / Mg2+ -stimulated ATPase and Na+ / K+-stimulated ATPase. The values of the Hill coefficient for the allosteric inhibition of Ca2+ /Mg2+-stimulated ATPase by Naf and Naf / Kf-stimulated ATPase by F-were lower in SPM treated with 10e5 M BPV than in the controls, which indicates that BPV increased the fluidity of the lipids surrounding the SPM-bound enzymes, resulting in subsequent changes in their allosteric behavior (10, 11, 21) .
In the CNS, a substantial number of excitatory synapses operate with the transmitter acetylcholine (ACh). Signaling by ACh is terminated by the enzymatic degradation of the transmitter by SPM-bound and extracellular forms of AChE. Physiologically, the inhibition of AChE by BPV may prolong the action of ACh in susceptible brain regions, contributing to the modulation of the excitability of neurons by the drug (27). SPM-bound AChE is an ectoenzyme anchored to the outer leaflet of the membrane (28,29). Thus, the fact that low concentrations of BPV (10m5 M) had no effect on the transition temperature and allosteric properties of AChE could be explained by the preferential interaction of the positively charged forms of the drug (which at normal pH predominate over the neutral forms) with the inner half of the lipid bilayer, rich in the negatively charged (acidic) phospholipids (12). However, the increase in BPV concentration to 5 X lop3 M, raising the quantity of neutral molecules incorporated into the hydrophobic core of the membrane, resulted in the modulation of the temperature dependence and allosteric properties of the enzymes. Indeed, in the case of those forms of AChE that are anchored to the membrane by a hydrophobic peptide [characteristic of membrane-associated forms of AChE, which predominantly occur in the CNS (29)], membrane fluidity could affect protein conformation through a mechanism similar to that of endoenzymes 1997;85:133743 BUPIVACAINE AND PLASMA MEMBRANE LIPID STRUCTURE (28). The decrease in AChE activity at concentrations of BPV that were not able to produce detectable changes in the lipid microenvironment of the enzyme may be due to the direct action of the drug on some hydrophobic binding sites, as confirmed from mixed-type inhibition kinetics (Lineweaver-Burk plots, results not shown) similar to those found for dibucaine in previous studies (30). As is the case of AChE, the fact that low concentrations of BPV (lo@ to lop4 M) had no effect on the activity of the ectoenzymes M$+-stimulated ATPase and 5'-nucleotidase could be explained by the preferential action of protonated forms of the drug on the endofacial leaflet of the membrane (11,12).
In conclusion, the present data suggest that the modification of the physical state of SPM lipids may be a mechanism for BPV perturbation of nerve cell function.
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